The tunnel magnetoresistance (TMR) effects of granular films employing CoFeAlSi (CFAS) were investigated. The granular films were composed of MgO buffer, CFAS, and protective MgO layers. A structural change from continuous to granular structures was clearly seen in the resistivity, depending on the nominal thickness of CFAS. The samples prepared on the heated substrate showed large MR ratios, with a maximum MR ratio of 5.5% for a CFAS thickness of 2.0 nm. From the X-ray photoelectron spectroscopy depth profile, Fe was preferentially oxidized on the surface of granules, although Co was not. TEM micrographs showed relatively uniform granules, with a diameter of 3.0-5.0 nm, for the samples prepared on a substrate heated at 200ºC. However, an L21 ordered structure was not confirmed due to low substrate temperature.
I ntro duction
Granular materials, which show a large tunnel magnetoresistance (TMR) effect, have attracted much attention from scientific and practical viewpoints. Indeed, quite interesting phenomena have been reported in granular materials, e.g., Coulomb blockade, spin accumulation, and spin dependent single electron tunneling 1)-4) . It is expected that these effects will enable to develop new memory devices and magnetic field sensors.
It has been reported that the TMR ratio of granular materials depends on the spin polarization of granules 5) . Hence, a large TMR ratio can be obtained by employing magnetic materials with a large spin polarization. Half-metallic ferromagnets (HMFM), in which one spin band is metallic and another semiconducting, are ideal materials for devices utilizing TMR effects. In particular, Co-based full Heusler alloys, which have a high Curie temperature, have been extensively studied. Recently, Tezuka et al. reported that magnetic tunnel junctions (MTJs) utilizing Co50Fe25Al12.5Si12.5 (CFAS) Heusler alloy showed large TMR ratios 6)-8) . In these MTJs the top CFAS electrode thickness of 5.0 nm was relatively thin compared with other results. It is expected that there is a possibility of showing a half-metallicity in CFAS fine particles. In this study, we attempted to prepare granular films utilizing the CFAS Heusler alloy, and investigated their structure, magnetic properties and magnetoresistance effects.
E xperimen tal
Granular films were prepared on glass or NaCl substrates by dc and rf magnetron sputtering; the substrate temperatures (TS) were room temperature (RT) and 200ºC. The sample structure was glass substrate/MgO (10 nm)/CoFeAlSi (tCFAS nm)/MgO (5 nm). Reactive sputtering in an Ar + O2 gas mixture was utilized for the deposition of the MgO under layer. Depositions of other layers were carried out in an Ar atmosphere. The sputtering pressure was 0.8 Pa in both cases. A composite target, consisting of a Co target and Fe, Al, and Si chips, was used to deposit the CoFeAlSi layer, and the designed thickness (tCFAS) was varied from 1.0 to 2.4 nm. The composition of the magnetic layer, measured by electron probe microanalyzer (EPMA), was Co45.2Fe26.7Al13.4Si14.7. X-ray photoelectron spectroscopy (XPS) and transmission electron microscope (TEM) measurements were carried out for structural analysis. The magnetic properties were confirmed by alternating gradient field magnetometer. Resistivity measurements were performed with the two terminal method. MR measurements were carried out under the sweep of a magnetic field of ±15 kOe. The magnetic field was applied parallel to both the film plane and current direction. All measurements were carried out at RT.
Re sults an d Discu ssion
The resistivities of the samples as a function of tCFAS is shown in Fig. 1 . Open and solid circles represent TS = RT and 200ºC, respectively. When TS = RT, the resistivity increased as tCFAS decreased. An abrupt increase was observed between tCFAS = 1.7 and 1.8 nm. This abrupt increase in resistivity indicates a structural change from continuous film to granular structure. Indeed, when tCFAS < 1.7 nm, nonlinear current-voltage curves, indicating the characteristics of tunnel conduction, were observed. For TS = 200ºC, the resistivity also showed an abrupt increased between tCFAS = 2.0 and 2.3 nm, and nonlinear current-voltage curves were observed for the samples with tCFAS < 2.3 nm. This implies that the sample prepared at TS = 200ºC exhibits granular structure even at a relatively thick CFAS layer, and we expect that larger granules are formed in the sample at TS = 200ºC than those at TS = RT. Since the HMFM seems to decrease its magnetization with a decrease of its volume, a large volume of granules is considered to be required to exhibit sufficient magnetization of CFAS. It is thought that substrate heating is effective for obtaining both larger granules and L21 ordering. Figure 2 shows a typical magnetization curve of sample with TS = RT and tCFAS = 1.5 nm. Coercivity was not observed and magnetization was not saturated sufficiently by applying a magnetic field of 15 kOe. These superparamagnetic characteristics were also observed in other samples. Figure 3 shows a comparison of MR curves for the samples with TS = RT, tCFAS = 1.5 nm and TS = 200ºC, tCFAS = 2.0 nm. In both samples, resistivity changes correspond to the magnetization process and the samples show a negative MR. Here, the MR ratio is defined as (! " #! 0 )/! 0 , where ! 0 and ! " are the resistivities at zero and at a certain magnetic field, respectively. Since these samples showed the tunnel conduction, these MR effects were attributed to the TMR effect. The MR ratio was not completely saturated, however, it is considered that the obtained MR ratios are not far from the saturated values.
The dependence of MR ratio on tCFAS is shown in Fig.4 . Open and solid circles represent TS = RT and 200ºC, respectively. When TS = RT, the TMR effects were observed when tCFAS <1.7 nm. The MR ratio increased as tCFAS decreased, and showed a maximum value of approximately 4.8% at tCFAS = 1.4 nm. For the samples with TS = 200ºC, TMR effects were also observed when tCFAS < 2.2 nm, and the MR ratio increased with decreasing tCFAS. The samples showed large MR ratios at relatively thick CFAS layers compared to the samples with TS = RT. It seems that the difference of CFAS layer thickness in which the samples show a large MR ratio is due to the structural difference between the samples with TS = RT and 200ºC. In this experiments, the maximum MR ratio of approximately 5.5% was obtained in the sample with TS = 200ºC and tCFAS = 2.0 nm. Figure 5 shows the dependence of the MR ratio on film resistivity. For the samples with TS = RT and 200ºC, the MR ratios showed the maximum values at almost the same resistivity of around 5 ! 10 7 !"cm. It is thought that the TMR effect in these samples is closely related to their film resistivities.
To investigate CFAS granular film structures, XPS and TEM measurements were carried out. Figure 6 shows the XPS depth profile of the sample with tCFAS = 2.0 nm and TS = 200ºC. The left and right panels correspond to the Co 2p and Fe 2p XPS spectra, respectively. Each spectrum was measured after Ar ion etching every 30 seconds. The total etching time (tetch) is indicated in the figure. Varying the tetch did not change the position and profile of the Co 2p peaks. On the other hand, two peaks can be seen at the Fe 2p peaks, especially at the 2p3/2 peak. These peaks, indicated by arrows, correspond to FeOx and Fe. As the tetch increased the FeOx peak decreased and then increased again, whereas the Fe peak increased and then decreased. These results indicate that a slight surface oxidation exists on the granules in the MgO matrix, and Fe is preferentially oxidized, although Co is not affected. Almost the same results were obtained for the sample with TS = RT. Selective oxidation of Fe in CoFe and NiFe alloys have also been confirmed by XPS measurements and is explained by the difference in heat of formation 9)-11) .
Typical TEM micrographs of the samples with TS = RT, tCFAS = 1.5 nm and TS = 200ºC, tCFAS = 1.5 nm are shown in Fig.7 (a) and (b) , respectively. In the micrographs, dark parts indicate CFAS granules. In Fig.7 (a) , very large grains are seen and it is difficult to distinguish spherical fine granules. Similar results were obtained for the samples with tCFAS = 1.2 nm and 1.8 nm. On the contrary, the granules are clearly seen in Fig. 7  (b) . It was thought that the formation of fine granules was promoted by substrate heating. The size of granules is relatively uniform, and is estimated to be 3.0-5.0 nm in diameter.
A selected area electron diffraction (SAED) pattern of the sample with a tCFAS = 2.0 nm and TS = 200ºC is shown in Fig.8 . The SAED pattern shows several diffraction rings corresponding to the MgO buffer layer and CFAS granules. However, no super lattice diffraction ring, corresponding to a L21 or B2 ordered structure, was observed. The super lattice diffraction ring was also not confirmed in the SAED patterns of the samples with TS = RT.
In our experiments, CFAS granules were thought to be A2 structure and their surfaces were slightly oxidized, which will result in a reduction in spin polarization of CFAS granules. Other insulating materials having large heat of formation may be useful. For the preparation of L21 ordered Heusler alloy thin films, single crystal substrates, such as MgO(100), are often used for depositions, and deposited films are usually post annealed above 400ºC. Thus, L21 ordered CFAS granular films showing a higher MR ratio can be expected using a higher substrate temperature or a post-annealing.
Sum mary
Granular materials, which show a large TMR effect, have attracted much attention from the scientific and practical viewpoints. It is expected that a large TMR ratio can be obtained by applying half metallic materials for granules. In this study, we attempted to prepare granular films utilizing the CFAS Heusler alloy, and investigated their magnetoresistance effects.
A clear structural change from continuous film to granular structure was observed in the resistivity as a function of nominal thickness of CFAS. The samples prepared on the heated substrate showed large MR ratios. The maximum MR ratio of 5.5% was obtained for the sample with 2.0 nm thick CFAS.
The XPS depth profile revealed that the surface of granules was slightly oxidized. Furthermore, it was recognized that Fe was preferentially oxidized, although Co was not. TEM measurements showed relatively uniform granules with diameters of 3.0-5.0 nm for the samples prepared on the substrate heated at 200ºC. On the other hand, an obvious granular structure was not observed for the sample without substrate heating.
An L21 ordered structure was not confirmed due to the low substrate temperature in this experiments. We expect higher MR ratio by realizing the L21 ordered CFAS granular film.
